A great deal is now known about the cell adhesion molecules (CAMS) that are responsible for promoting the growth of ganglion cell axons as they project out of the retina through the optic nerve and finally to distant targets in the brain. However, the CAMS important for regulating axon outgrowth from nonprojection neurons, such as amacrine cells and rods, are not known. Such local circuit neurons extend their neurites rather short distances on cellular surfaces not normally encountered by the ganglion cell axons. To study the mechanisms regulating axon or dendrite growth from local circuit neurons, neurite outgrowth from amacrine cells and rod photoreceptor cells derived from the rat was examined in vitro on immunopurified forms of NCAM, Ll , and N-cadherin, three well-characterized adhesive molecules found in the developing retina. Either early (P3) or late (PlO) postnatal amacrine cells grew neurites on all three CAMS, but there were significant differences in the percentage of the amacrine cells that responded to each CAM. None of the CAMS supported neurite outgrowth from early postnatal rods, but, surprisingly, NCAM stimulated vigorous neurite extension from rods isolated at postnatal day 10. Postnatal ganglion cells were also examined for comparison and were found not to grow neurites on NCAM, but did grow extensive processes on Ll and N-cadherin.
These results show that NCAM, Ll, and N-cadherin can promote neurite outgrowth from local circuit neurons, but that the effectiveness of any particular CAM is dependent on the cell type and the developmental period.
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During development ofthe CNS, some neurons grow their axons considerable distances into long fiber tracts to find their appropriate synaptic targets. Other neurons, however, project their axons or dendrites only short distances to terminate onto neighboring cells, forming local circuits. These "nonprojection" or local-circuit neurons not only make up the majority of neural elements throughout the nervous system, but are directly responsible for many complex facets of information processing (e.g., Werblin and Dowling, 1969; Kaneko, 1970; DeVries and Baylor, 1993) . Within the retina, the complex synaptic organization of local-circuit neurons has been studied extensively over the past century, (Polyak, 1941; Ramon y Cajal, 1973) and in recent years an enormous amount of information about the different retinal cell types and the distribution and extent of their neuritic processes has been derived from intracellular staining and immunological studies (e.g., Vaney, 1984; Dacey, 1988; Rodiek, 1988; Giovanni and Brecha 1993) . However, as is the case for other areas of the CNS, very little is known about the factors that regulate the growth ofprocesses from local circuit neurons. A knowledge of these factors is prerequisite for understanding how the complex local circuitry is established during development.
Much ofour knowledge about the factors that are responsible for promoting and guiding the growth of retinal neurons has come from studies of the retinal ganglion cell (RGC). During development, these projection neurons extend their axons out ofthe retina through the optic nerve and finally to distant targets in the brain, Cellular substrates contacted by ganglion cell growth cones include the surfaces of neuroepithelial and Miiller cell end feet (Silver and Rutishauser, 1984) and astrocytes within the optic tract. In addition, RGC axons have a strong tendency to fasciculate with other axons in the developing optic nerve (Silver and Sidman, 1980; Krayanek and Goldberg, 198 1) . Localized to these surfaces are a variety of molecules, both bound to the cell membrane and deposited extracellularly, that have been shown to regulate neurite extension from ganglion cells in either a positive or negative manner (Silver and Rutishauser, 1984; Cohen et al., 1987; McLoon et al., 1988; Drazba and Lemmon, 1990; Doherty et al., 1991; Snow et al., 1991; Baier and Bonhoeffer, 1992) . However, since the majority of neurons in the vertebrate retina exhibit an extensive network ofrelatively short processes, they never come in contact with the same microenvironment as that of RGC axons. As a consequence, little is known about the factors that regulate neurite growth from these other retinal cell types.
Some ofthe possible factors important for regulating the growth of retinal local circuit neurons are cell adhesion molecules (CAMS). At least three CAMS, NCAM, Ll, and N-cadherin are localized along the optic pathway, and have been shown to be important mediators of retinal ganglion cell neurite outgrowth in vitro (Matsunaga et al., 1988; Doherty et al., 1990; Drazba and Lemmon, 1990) . In addition, these molecules are localized to regions of potential significance for mediating neurite growth from other retinal neurons (Thiery et al., 1978; Daniloff et al., 1986; Hatta and Takeichi, 1986; Lemmon and McLoon, 1986; Matsunaga et al., 1988b) . For example, depending on the developmental time, NCAM and N-cadherin are diffusely distributed among all the retinal cell types, while Ll is found within both inner and outer plexiform layers. Therefore, the following experiments were undertaken to determine in vitro whether NCAM, Ll, or N-cadherin function as neurite growth promoting molecules for two classes of retinal nonprojection neuronsamacrine cells and rod photoreceptors derived from the rat retina. For these studies, we cultured dissociated rat retinal cells at low density onto nitrocellulose coated coverslips that were "blotted" with purified preparations of these CAMS. Our data show that all three molecules can stimulate the outgrowth of neurites from these nonprojection neurons, but that the relative effectiveness of any particular CAM is dependent on the cell type and developmental period.
Materials and Methods
Animals and cell culture. Long Evans rat pups were killed by decapitation following CO, anesthesia and the eyes were removed under sterile conditions. The neural retina was dissected away from the pigment epithelium and other ocular tissue in sterile basal salt solution (BSS) and dissociated into a single cell suspension using 0.25% trypsin in Ca'+/Mg'+-free BSS. The retinas were incubated at 37°C in this solution for 7-10 min for P3 retina and up to 15 min for PI0 retina, after which the trypsin was inactivated by adding 0.5 ml of fetal bovine serum. The cells were plated at a density of IO-50,000 cells/well (24-well plates, 1 ml/well) in DMEM:FIZ (without glutamate or aspartate, GIBCO) supplemented with insulin, (25 Kg/ml), transferrin, (100 pg/ml), putrescine, (60 OM), selenium (30 nM), progesterone (20 nM), and 1% fetal calf serum. Cells for all experiments were grown at 37°C in an atmosphere of 5% co>.
Preparation qf culture substrates. Glass coverslips (12 mm circles) were first coated with poly-D-lysine (100 pg/ml; Sigma) and then with nitrocellulose as described previously (Lagenaur and Lemmon, 1987) . Briefly, a 4 cm' strip of nitrocellulose was dissolved in 15 ml of HPLC grade methanol. The surfaces of the coverslips were coated with approximately 100 ~1 of this solution and allowed to dry under a laminar flow hood. This step was repeated two more times to ensure that an even coating of nitrocellulose prevented cells from coming in contact with the polylysine surface. On different coverslips, 4 ~1 aliquots of affinity-purified NCAM, Ll, and N-cadherin were placed onto the center of the coverslips. NCAM and Ll. proteins were derived from detergent extracts of early postnatal mouse brain as previously described (Lagenaur and Lemmon, 1987) . The N-cadherin protein was derived from detergent extracts ofchicken brain as previously characterized elsewhere (Bixby and Zhang, 1990) . The concentrations blotted onto the coverslips was approximately 80 &ml for NCAM and Ll and 25 &ml for N-cadherin unless otherwise indicated. After 30 min at 4°C the proteins were removed without drying and the coverslips washed twice with final medium containing no serum. For some experiments, coverslips were incubated for 30 min at 37°C with final medium containing 10% horse serum. In these cases, the number of cells adhering to the nitrocellulose outside the boundaries of the protein dot was limited. In those experiments in which substrates were not incubated with media containing horse serum prior to plating cells, many cells were present on the uncoated regions, but these never responded by growing neurites (data not shown).
Antibodyperturbation experiments. To demonstrate that neurite growth on the substrates can be blocked by specific antibodies to their corresponding cell adhesion molecules the following reagents were used. Polyclonal antibodies with functional blocking activity for NCAM and Ll (Dr. C. Chung et al., 1991) were purified for total IgG first by ammonium sulfate precipitation and then by affinity chromatography using protein A-Sepharose. Fab' fragments of NCAM and Ll polyclonal antibodies were prepared by pepsin digestion (Porter, 1959) and residual intact IgG removed by chromatography on protein A-sepharose. Purity and completeness of digestion was verified by SDS-PAGE. To block the function of N-cadherin, the monoclonal antibody NCD2 from ascites was used (Matsunaga et al., 1988; Bixby and Zhang, 1990 Hicks and Barnstable: 1987) . Supernatant from hybridoma culture me: dium was used without dilution, while ascites fluid from these cells was typically diluted I : 100. For amacrine cells, a monoclonal antibody directed against cellular retinoic acid binding protein (CRABP; obtained from Dr. Saari, University of Washington) was used. Details of the specificity and staining characteristics of anti-CRABP i n culture are described in the Results, and the characterization of CRABP labeling in retinal sections has been detailed elsewhere (Bunt-Milam et al., 1989; De Leeuw et al., 1990; Gaur et al.. 1990; Milam et al., 1990; BuntMilam and Sarri. 1993) . Ascites fluid of CRABP was used at a concentration of I :200 with 0.3% Triton X-IO0 in phosphate buffer overnight. For the identification of ganglion cells, postnatal day 2-3 rat pups were anesthetized on ice for IO-20 min and the optic tract injected with 1 ~1 of rhodamine dextran (Molecular Probes, Eugene, OR). After 24 hr survival, the rats were killed and eyes prepared for culture as described above. In order to observe ganglion cell neurites, dextran-positive cells were labeled with the mouse monoclonal antibody Thy-1. I (clone 0x7, CedarLane, Canada). Indirect immunofluorescent labeling was carried out using fluorescein-conjugated secondary antibodies (anti-mouse IgG from Sigma Chemicals; 10 fig/ml). Omission of the primary antibodies eliminated the observed immunoreactivity.
Analysis of retinal ganglion cell, amacrine cell, and rod photoreceptor cell neurite lengths. Ganglion, amacrine, and rod photoreceptor cells were examined after 18-24 hr in culture or as indicated in the figure caption. The number of ceils, and the number of experiments examined for each of the data points are indicated in the figure captions. The experiments presented in the results report the percentage of cells with neurites greater than two cell body diameters, neurite lengths (reported as length of longest primary neurite and total neurite output which is the length of all neurites grown by the identified cell), and percentage of cells with one, two, three, and four or more primary neurites greater than two cell body diameters. For measurements of neurite length, the cells with processes were examined at a final image magnification of 400 x . The fluorescence images of the cells were recorded with an image intensifier coupled to a CCD video camera (Motion Analysis, Eugene, OR) and analyzed with a Macintosh II image processing program (IMAGE I .O, a public domain program, Wayne Rasband, NIH). Neurite lengths were measured by tracing the total length of the longest primary neurite, and the total length of all neurites extending from the cell bodies of retinal ganglion cells, amacrine cells, or rod photoreceptor cells. Recorded lengths were calibrated at the same magnification using a microscope slide micrometer. lmmunohistochemical labeling in tissue sections. Retinal sections were cut from postnatal eyes prepared as follows: postnatal rats were killed as described above and perfused (cardiac perfusion) with 4% paraformaldehyde in phosphate buffer. Retinas were removed and immersionfixed for an additional 12 hr (4°C) and prepared for cryostat sectioning at -20°C. Sections were mounted onto gelatin coated glass slides and prepared for immunohistochemistry by first incubating the sections in a solution of 1% BSA. Antibodies used for the immunohistochemistry on tissue sections were as follows: NCAM and Ll rabbit polyclonal sera (Chun et al., 199 l) , and a rabbit polyclonal serum directed against an N-cadherin fusion protein (gift from P. Doherty, Department of Pathology, Guy's Hospital, London; Doherty et al., 199 I). For the NCAM Ll (80 &ml), or N-cadherin (20 pg/ ml; N-CAD). NC refers to nitrocellulose alone. Numbers in parentheses indicate SEM. None of the coverslips were coated with serum-containing media after blotting the proteins, and the cells were spun down onto the coverslips and maintained in culture for 24 hr. After culturing, the cells were carefully fixed by slowly adding fixative to the media so that the data would not reflect differences in number .of cells adhering. These data show that CRABP and Rho-4D2 immunoreactivity does not change as a result of contact with different substrates, and that any differences in the number of cells with processes on the different substrates do not reflect such changes.
and Ll serum, total IgG was purified hrst by ammonium sulfate precipitation and then by affinity chromatography using protein A-sepharose as described above for the blocking experiments. Final antibody was diluted 1: 1000 for use. For N-cadherin, the antibody was used as crude serum and diluted 1:500 for use. Antibody to CRABP was used as described above for the cultured cells, and all antibodies were visualized by indirect immunofluorescence as described above.
Results

Spec& identification qf amacrine cells, retinal ganglion cells, and rods in culture
The experiments were based on a cell culture assay in which amacrine cells, postnatal retinal ganglion cells, and rod photoreceptor cells derived from rat retina were specifically identified, and neurite outgrowth assessed on various molecular substrates. Amacrine cells were identified by immunofluorescence using a monoclonal antibody against bovine retina CRABP. This antibody reacts with a subpopulation of GABAergic rat amacrine cells as early as embryonic day 18 through adult ages (BuntMilam et al., 1989; De Leeuw et al., 1990; Gaur et al., 1990; Milam et al., 1990) . As shown in Figure 1 , A and B, CRABP is localized exclusively to amacrine cells, staining cell bodies on both sides of the inner plexiform layer, as well as processes within this layer. In cultures of rat retinal cells derived from embryonic or postnatal animals, the antibody labeled cell bodies and the full extent of any neurites including their growth cones ( Fig. 1 C) . Labeling was also seen in cells that were either freshly dissociated or maintained for several weeks in culture (data not shown). The labeling intensity, and the percentage of cells expressing CRABP was the same in postnatal retinal cultures in which cells were plated on a variety of substrates ( Table l) , suggesting that CRABP immunoreactivity on amacrine cells is not regulated by contact with the different substrates studied here.
Importantly, amacrine cells in culture were clearly distinguished from ganglion cells in the following way: ganglion cells were labeled retrogradely with a fluorescent dextran by injecting the superior colliculus (1 ~1) with dextran-rhodamine (10,000 MW, Molecular Probes, Eugene, OR), which resulted in labeling of many cell bodies within the ganglion cell layer (Fig. 1D ). When these labeled retinas were dissociated and stained for CRABP, no examples were ever found of dextran-labeled cells that were also positive for the amacrine cell antibody (compare Fig. lE,F) . In experiments in which RGC processes were examined, the monoclonal antibody against Thy-l. 1 (Sarthy et al., 1983; Barnstable and Drtiger, 1984) or NCAM was used to doubly label dextran-positive cells. These data demonstrate that amacrine cells and their neurites can be clearly identified and distinguished from RGC neurons and their processes in culture. Retinal ganghon cells (dextran-rhodamine labeled following superior colliculus injections) from postnatal rat retina do not grow neurites on NCAM, but can extend long processes on Ll and N-cadherin. Dissociated retinal ganglion cells were plated at low density on to NCAM (A, B), Ll (C, D) and N-cadherin (E, F) substrates and subsequently stained with anti-Thy-l or anti-NCAM antibodies to reveal the full extent of their processes. This figure shows the typical morphologies of ganglion cells isolated from P3 retina grown in culture for 18 hr. PlO-derived ganglion cells morphologically appeared the same. Dextran-rhodamine filled cells were derived from postnatal day 2 rat pups allowed to survive for 24 hr after iniections before culturing. A, C, and E show the dextran-labeled cell bodies. while B, D, and F show the corresponding images of the entire cells affer being labeled with Thy-1 or NCAM (A, Thy-1; D, Thy-1; F, NCAM). Arrows indicate corresponding cell bodies of dextran-labeled and Thy-I or NCAM stained cells. All of the ganglion cells on NCAM (B) were either completely rounded up or extended small fibers in no particular orientation. Ganglion cells on Ll (D) or N-cadherin (F) grew extensive neurites. Scale bars, 25 pm.
Rod photoreceptor cells were identified in culture by immunofluorescence using the monoclonal antibody Rho-4D2 directed against rhodopsin (Hicks and Barnstable, 1987) . This antibody has been previously characterized in the developing and adult rat retina, labeling the entire photoreceptor cell layer from outer segments to rod synaptic terminals (Hicks and Barnstable, 1987) . In culture, rhodopsin immunoreactivity is distributed throughout the entire cell somata and full extent of any neurites as described previously (Kljavin and Reh, 1991) . We also ruled out the possibility that the number of rhodopsinimmunoreactive cells may differ depending on the substrate onto which the cells were plated, by determining that the pernatal ages, 3 d and lo-12 d after birth, because these are the ages when amacrine cells normally show their greatest neurite growth in viva. By 3 d, most or all of the amacrine cells have become postmitotic and most cells have begun to form diffusely branching processes within the prospective IPL (Morest, 1979) . At 1 O-l 2 d, just before eye opening (about 14 d after birth), the majority of amacrine cells are nearing maturity and some are rapidly growing neurites horizontally as the inner plexiform layer expands. Figure 4 shows the typical morphology of dissociated amacrine cells, identified by staining with the antibody to CRABP, extending neurites after 18-24 hr in culture on NCAM ('4, B), Ll (C, D), and N-cadherin (E, F) from P3 (A, C, E), centage of immunoreactive cells on the different substrates was and P 12 (B, D, F) retina. On all the substrates and at either age, not significantly different (Table 1) . some amacrine cells responded by growing extensive neurites.
Response qf retinal neurons to the CAM substrates Postnatal retinal ganglion cells (RGC). In a number of different studies, the role of adhesive molecules as neurite growth promoting factors for chick retinal ganglion cells has been examined (Neugebauer at al., 1988; Doherty et al., 1990 Doherty et al., , 1991 Drazba and Lemmon, 1990; Payne et al., 1992) . In all these experiments, NCAM, L 1, and N-cadherin were shown to regulate the growth of chick retinal ganglion cell neurites. However, similar studies Nevertheless, there were significant differences in the percent of amacrine cells that grew neurites on any particular CAM substrate. For example, whereas 86.4% of the amacrine cells extended neurites on N-cadherin, only 45% of these cells grew neurites on NCAM and 1 1.4% on Ll substrates (Fig. 5A ). In addition, we also found that the percentage ofthe amacrine cells with neurites on each substrate changed little over the subsequent 3 d in culture (NCAM, 57.3%; Ll, 10.5%; N-cadherin, 90.10/o), suggesting that the differences do not reflect variations using mammalian retinal ganglion cells has been described previously only for laminin (Cohen and Johnson, 199 1) . Therefore, in this study we also examined neurite outgrowth from dissociated postnatal rat retinal ganglion cells as a standard for comparison with postnatal amacrine and rod photoreceptor cells. Postnatal days 3 (P3) and 10 (P 10) rat retina were used for these experiments and single isolated ganglion cells were identified as dextran-rhodamine filled cells as described above. The typical appearance of ganglion cells on NCAM, Ll, and N-cadherin substrates after 18 hr in culture is shown in Figure 2 , A and B, C and D, and E and F, respectively. On NCAM, ganglion cells in growth rate on the substrates (Fig. 5A ). The percentage of amacrine cells with neurites on the different substrates also changed little when different concentrations ofthe CAMS similar to other studies were used (Lagenaur and Lemmon, 1987; Bixby and Zhang, 1990) (Fig. 5A ). For example, there were no significant differences between the percentage of amacrine cells with neurites on L 1 substrate concentrations ranging from 100 to 40 Kg/ml (Fig. 5A ). Far fewer amacrine cells, however, grew neurites at concentrations of 20 pg/ml. NCAM at concentrations ranging from 100 to 80 fig/ml also gave similar results; however, at 40 Kg/ml or less we found fewer cells with neurites. Amacrine cells derived from either age retina did not respond by significant growth of neurites. RGCs were either completely rounded up and free of neurites, or they displayed many small thin processes oriented in no particular direction ( Fig. 2A,B) . On L 1 and N-cadherin substrates, RGCs grew extensive neurites as shown in Figure 2 , D and F.
The percentages of cells with neurites after 18 hr in culture are quantified in Figure 3 . None of the RGCs on NCAM had neurites greater than two cell body diameters, whereas approximately 50% (on Ll) and 80% (on N-cadherin) grew neurites continued to grow extensive neurites on N-cadherin even when it was at 10 &ml. On nitrocellulose coated coverslips without protein, amacrine cells did not grow neurites (Fig. 5A) . Figure 5 , B and C, shows the quantification of the number of primary neurites and the neurite lengths for amacrine cells on the different substrates. On NCAM the highest percentage (43.3%) of the amacrine cells at P3 grew only one primary neurite (Fig.  5B) . In contrast, the highest percentage of amacrine cells at PlO on this same substrate (38.3%) had two primary neurites ( Fig.  5B ; see also Fig. 4A,B) . In addition, we also observed that PlO after 18 hr in culture for either age of RGC. The majority of amacrine cells on NCAM typically grew longer neurites (longest RGCs on Ll had only one or two neurites at either age; less primary neurite averaged 69 Km at P3 and 102 Frn at PlO, and than 10% of the ganglion cells on Ll had 3 or more primary the mean total length of neurites at P3 was 88 wrn and at PlO neurites (Fig. 3B) . This was in contrast to N-cadherin, where was 179 wm). The majority of amacrine cells on Ll substrates we found that the majority of RGCs had at least three neurites, at either age grew only one neurite (Fig. 5B ), but the mean total and up to 60% of the ganglion cells had four or more neurites.
neurite lengths were 113 Frn at P3 and 146 pm at PlO. Again, Mean neurite lengths of the longest primary neurite and the amacrine cells dissociated from older retina had longer neurites, total neurite output for ganglion cells on Ll was between 200 but the difference on Ll was not as pronounced as that observed and 250 Mm at either age (Fig. 3C) . On N-cadherin, the length on NCAM. Similar to ganglion cells, N-cadherin stimulated the of the.longest primary neurite grown by RGCs was similar to strongest neurite growth response; the highest percentages of Ll, in that they were never greater than 300 pm; however, the amacrine cells had 2, 3, 4, or more primary neurites and the mean total neurite output on N-cadherin was much greater than total neurite output (greater than 300 Frn for either age) was on Ll , approximately 900 pm for P3 and 650 pm for PlOsignificantly greater on this substrate compared to NCAM or derived retinal ganglion cells (Fig. 3C) . As a control we also Ll (Fig. 5C ). examined coverslips that were coated only with serum and found Rod photoreceptor cells. Rod photoreceptor cells were dissothat virtually none of the ganglion cells grew neurites on these ciated from rat retinas at postnatal days 3 and 10. At postnatal substrates (Fig. 3A) . , did not respond to NCAM by growing processes, but did grow extensive neurites on Ll and N-cadherin. The graph labeled NC refers to nitrocellulose coated coverslips that were blotted with serum only. Virtually none of the ganglion cells at either age grew neurites on serum coated coverslips. For each data point at least 100 ceils were counted from five independent experiments and each experiment had no less than six coverslips. All values represent the mean * SE. B, Percentage of retinal ganglion cells (dextran-rhodamine labeled) with X (I, 2, 3, and 4 or more) primary neurites after beginning to form inner/outer segments and vitreally projecting processes. Rods derived from PI0 retina have already grown neurites, developed outer segments and are in synaptic contact with other retinal neurons within the outer plexiform layer. Figure 6 summarizes the typical morphology of rods cultured for 18-24 hr on NCAM (A-D), L 1 (E, F), and N-cadherin (G, H) substrates after dissociation from P3 (A, E, G) and PlO (B-D, F, H) retinas. Of all the substrates, NCAM was the only CAM that promoted substantial neurite outgrowth from rods, and this occurred mostly when rods were dissociated from PlO retinas. The majority of P3 rods on NCAM after 24 hr were rounded up as shown in Figure 611 , in contrast to rods dissociated from PlO retina which grew long thin neurites (Fig. 6B-D) . Figure 7 summarizes the quantification of the percentage of rods with processes, number of primary neurites, and their neurite lengths. Less than 6% ofthe P3 rods on NCAM had neurites longer than two cell body diameters, whereas 40.7% of the rods dissociated at PI0 had long neurites on NCAM after 24 hr in culture (Fig. 7A) . Most of the PlO rods responding to NCAM (about 60%) had a single process (Fig. 7B) , although some rods also displayed multiple processes as shown in Figure 6 , C and D. The average length of the longest primary neurite grown by rods was about 60 pm after 24 hr in culture, with an average total neurite length of about 75pm. Rods plated on Ll and N-cadherin at either age remained mostly rounded up without any neurites (Figs. 6A, 7A ), which was also the case for rods plated onto nitrocellulose alone (Fig. 7A ).
Antibody perturbation of neurite growth on NCAM, LI, and N-cadherin The specificity of the neurite growth-promoting effect of the substrates was investigated in another series of experiments by culturing the retinal cells on the CAM substrates in the presence of blocking antibodies. For these experiments, amacrine and rod photoreceptor cells were specifically identified as described above. Prior to plating the cells onto the substrates, blocking antibodies to NCAM, L 1, or N-cadherin were added for 2-3 hr at 37°C. As shown in Table 2 , preincubating the CAM substrates with their corresponding antibodies dramatically decreased the number of both amacrine cells and rods with neurites greater than two cell body diameters. Preincubating the substrates with noncorresponding antibodies had no significant effect on the number of cells with neurites on the different substrates, Immunolocalization qf NCAM, LI, and N-cadherin in the postnatal rat retina As a reference to the results presented here, the immunolocalization of NCAM, Ll, and N-cadherin was investigated in the sectioned postnatal rat retina at developmental periods corre- On any of the substrates at either age, amacrine cells grew extensive net&es. Scale bars, 1s Km.
sponding to the ages of the cultured cells. Other localization studies have been done in chick and mouse retina using different ages, but showing essentially similar localization patterns (Rutishauser et al., 1978; Thiery et al., 1985; Daniloff et al., 1986; Hatta and Takeichi, 1986; Lemmon and McLoon, 1986; Mat- sunaga et al., 1988b). The antibodies used for the present experiments were affinity-purified polyclonal serum to NCAM and Ll (Chung et al., 199 l) , and a polyclonal serum generated against an N-cadherin fusion protein previously characterized (Doherty et al., 1991) . Figure 8 shows that at P3 (A-C) or PlO (E-G), immunoreactivity for all three CAMS was present in the neural retina P3 PlO of the rat, but that each shows a unique distribution. Immunoreactive NCAM (Fig. 8A ,E) at either age was found diffusely throughout all retinal layers, but appears more intense in the IPLand ganglion cell fiber layer. Immunoreactive Ll (Fig. 8&F ) was primarily localized to the IPL where amacrine cell processes are growing and also within the ganglion cell fiber layer at either age. However, Ll immunoreactivity was not uniformly distributed throughout the IPL, but was most conspicuous as two lightly labeled bands at P3 that increased in labeling intensity by PI0 (Fig. 8F) . N-Cadherin immunoreactivity (Fig. 8C,G) was uniform in distribution throughout all retinal layers, although with increasing age, the ganglion cell fiber layer, IPL, and outer limiting membrane (the contact junction between photoreceptor-photoreceptor and photoreceptor and Miiller cells) was most heavily labeled. Since amacrine cells make up a diverse population of cells that project their fibers within the IPL either diffusely or restricted to certain strata (in transverse sections strata appear as bands within the IPL), the restricted Preincubating the CAM substrates with corresponding blocking antibodies significantly inhibited the growth of amacrine and rod photoreceptor cell neurites. Preincubating with noncorresponding antibodies had virtually no effect. Retinal cultures wre done as described for Table 1 , except that prior to plating, monovalent antibodies to NCAM (1 @ml), Ll (1 mg/ml), and monoclonal NCD-2 purified from ascities (1 mg'ml) were preincubated on corresponding and noncorresponding CAM-coated coverslips. Postnatal day 3 retinal cells were cultured for 24 hr and amacrine cells and rod photoreceptor cells were identified as described above. At least 100 cells from three independent experiments were used to derive the data at each point. Data are presented as the percentage of control with SEM (control : percentage of the postnatal day 3 amacrine cells and rods responding to the substrates given in Figs 6A, SA).
retinal projection neuron, the ganglion cell, at least in vitro (Matsunaga et al., 1988; Doherty et al., 1990a,b; Drazba and Lemmon, 1990 ). All three of these molecules are known to mediate growth cone-substrate interactions via a homophilic binding mechanism, where each can bind to itself and is located both on the growth cone and on the cellular substrate that it contacts (Rutishauser et al., 1982; Nose and Takeichi, 1986; Lemmon et al., 1989) . In the present study, we used purified protein samples of NCAM, Ll, and N-cadherin that were "blotted" onto nitrocellulose-coated coverslips, and dissociated retinal cells were subsequently plated onto them at low density. In this way, single isolated retinal neurons could be examined when in contact exclusively with a single CAM as a substrate. Our data show that at least some of these same three cell adhesion molecules were found to stimulate neurite outgrowth from two classes of retinal nonprojection neurons, amacrine cells, and rod photoreceptor cells, However, the effectiveness of any particular CAM was dependent on the cell type and developmental period. At postnatal day 3, NCAM supported neurite growth only from amacrine cells, while Ll and N-cadherin promoted neurite growth from amacrine cells as well as ganglion cells, but not rods. At postnatal day 10, NCAM promoted the growth of amacrine cell neurites, and additionally, neurites from rod photoreceptor cells. Ll and N-cadherin promoted neurite growth from both ganglion and amacrine cells, but not rods at this later postnatal age.
Postnatal retinal ganglion cells extend neurites on LI and N-cadherin
Retinal ganglion cells are one of the first cell types to become postmitotic in the vertebrate retina, around embryonic day 13 in the rat (Sidman, 196 1: Young, 1963) . At the earliest stages in their development, RGCs send their axons into the ganglion cell fiber layer towards the optic nerve exit (e.g., Mores& 1970). As a standard for comparison both to other studies on RGCs, and to our study on amacrine and rods, we examined the response of RGCs dissociated from postnatal rat retina. At this time most of the ganglion cells have already grown axons out onl ipl onl ipl Sfl of the retina to the brain as well as dendrites within the inner plexiform layer. We found that postnatal RGCs grew extensive neurites on Ll and N-cadherin, but did not respond to NCAM. Presumably, the lack ofgrowth by postnatal rat RGCs on NCAM is similar to the loss of responsiveness that chick RGCs show during their development, at about the time when their axons have reached the tectum (Rager, 1980; Doherty et al., 1990a) . All of the rat RGCs that failed to grow on NCAM in the present study were identified in culture after being labeled by collicular injections of dextran-rhodamine, and therefore most likely represent the most mature cells.
.4macrrne cells e.ytend nemtes in response to NCAM, LI, and N-cadherin Amacrine cells are the major class of retinal interneurons that begin to differentiate soon after RGCs (Sidman, 1961; Young, 1963) . At the earliest times in their differentiation, amacrine cells extend their processes perpendicular to the scleral-vitreal axis of the retina, extending exclusively within the inner plexiform layer (Perry and Walker, 1980; Perry et al., 1983) . In the present study, all three cell adhesion molecules, NCAM, Ll and N-cadherin, promoted neurite outgrowth from amacrine cells dissociated from either early or late postnatal ages. This suggests that these CAMS may be important for regulating the growth of amacrine cell processes within the IPL during development.
Amacrine cells differed significantly in the percentage of cells that responded to the three CAMS. The greatest differences were seen between Ll and N-cadherin, to which 11.4% and 86.4% of the amacrine cells, respectively, responded; in contrast, approximately 45% of the amacrine cells responded to NCAM. Even after several days in culture, we noted that the percent differences were still significant, suggesting that differential neurite growth rates on the different substrates was not a major factor in this finding. The differences in the number ofamacrine cells growing neurites on the different substrates is not entirely surprising in light of the fact that amacrine cells as a group make up a large variety of functionally distinct subpopulations. Amacrine cells are diverse neurochemically (e.g., Marc, 198.5; Rodieck, 1988; Crooks and Kolb, 1992) as well as morphologically in their dendritic projections (Boycott and Dowling, 1969; Kolb et al., 198 1; Rodieck, 1988) . In the rat, nine morphologically distinguishable types have been seen in Golgi preparations (Perry and Walker, 1980) , and it is likely that a detailed immunohistochemical survey would reveal additional subtypes. Various populations of amacrine cells, therefore, may also differ with respect to the adhesive molecules, both in type and in functional form, that they express on their cell surfaces. Our observation that Ll immunoreactivity was restricted to only two or three strata within the IPL, and present on only a subpopulation of amacrine cells in vitro is consistent with this idea.
The differential expression of CAMS on amacrine cell surfaces could be, at least in part, the molecular basis for the large variety of shapes and dendritic field sizes that amacrine cells display. In an oversimplified description, amacrine cells could fit in at crine cells expressing only molecules such as NCAM or N-cadherin may be among the population of cells with smaller, highly branched morphologies, since these CAMS are more generally distributed throughout the IPL. The differential responsiveness and restricted localization of CAMS may be the molecular basis for the stratified synaptic organization within the IPL. The IPL is made up of processes from ganglion, bipolar, and amacrine cells, which form highly complex and stereotyped patterns of neuronal connectivity.
Part of the complexity lies in the fact that certain amacrine cell subtypes are known to ramify among, and synapse with specific target cell groups within distinct "levels" or strata of the IPL (e.g., Perry and Walker, 1980; Marc, 1986; Rodieck, 1988) . When neurochemically distinct amacrine cells are identified and examined in transverse sections of the retina, strata appear as bands, which are formed by the accumulations of nerve fibers organized into four or five distinct layers within the IPL. The selection of the strata into which an amacrine cell projects into may depend, at least in part, on adhesive molecules that can guide amacrine cell growth cones along specific pathways. There are many CAMS and extracellular matrix molecules that have been implicated in providing important cues for axon guidance, largely based on their restricted patterns of localization 1y1 viva, and their ability to promote neurite growth in vilvo. This group of CAMS includes Ll (Persohn and Schachner, 1987; Martini and Schachner, 1988; Rutishauser and Jessell, 1988; Bartsch et al., 1989) , neurofascin (Rathjen et al., 1987) , Tag-l/Axonin-I (Dodd et al., 1988; Stoeckli et al., 1991) , P84 (Chuang and Lagenaur, 1990) , F3 (Durbec et al., 1992) , DM-GRASP/SC11 JC7 (Burns et al., 1991; Tanaka et al., 1991; el-Deeb et al., 1992) , and the invertebrate fasciclins I, II, and III (Bastiani et al., 1987; Pate1 et al., 1987) . They are thought to be involved in the selective guidance ofgrowth cones along preexisting nerve fibers, thus forming nerve fiber tracts destined for a distant target area. Several experiments, both the present data and earlier studies using affinity-purified Ll as a culture substrate, have shown that Ll can directly promote neurite outgrowth (Lagenaur and Lemmon, 1987; Lemmon et al., 1989) . In the rat retina, similar to other sDecies (chicken, Thierv et al., 1985: Lemmon and McLoon, 1986; fish, Blaugrund et al., 1992) , we found that Ll was restricted to two or three strata within the IPL depending on the age of the retina. Therefore, it is possible that Ll, and other similarly functioning molecules may provide the appropriate molecular cues for directing certain amacrine cell fibers to their appropriate strata, and ultimately to appropriate target cell groups.
A similar function for NCAM and N-cadherin may be harder Figure 9 . Only a subpopulation of amacrine cells in culture are immunoreactive for L 1. Retinal cultures were plated at high density (100,000 cells/ml, 24-well plate) onto laminin-coated coverslips and maintained in culture for 2 d. Double label immunolocalization of Ll and CRABP in these cultures shows that some amacrine cells are immunoreactive for Ll, while others are not. In these high density cultures the amacrine cells are growing neurites onto the surfaces of underlying retinal glial cells. In A, the culture was stained with anti-CRABP, and B shows the corresponding view stained with anti-l 1. The micrograph in C shows a similar culture incubated only with a rabbit-FITC secondary antibody. The open arrows in A and B indicate doubly labeled Ll-and CRABPimmunoreactive neurites, and the sohdsmaliarrows indicate the CRABPpositive amacrine cell not immunoreactive for Ll. least two major morphological groups, large field and narrow field amacrine cells, owing to their range ofdendritic projections throughout the IPL. For example, several studies have shown morphologically that multiple axon-bearing amacrine cell types exist which project their processes considerable distances within the IPL. (Catsicas et al., 1987; Dacey, 1989; Famiglietti, 1992; see also Vaney et al., 1988) . Other amacrine cells, however, project highly branched small dendritic projections covering an area only several micrometers in diameter (e.g., Perry and Walker, 1980; Rodieck, 1988) . Ll is usually present on axonal surfaces projecting into long fiber tracts, and not on cell bodies or dendrites (Lemmon and McLoon, 1986) . Amacrine cells expressing and responding to L 1, therefore, may be among the population of cells with long axon-like projections. Those amato discern solely on the basis of their immunohistochemical distributions within the IPL. At least within the limits imposed by the antibodies and immunofluorescent technique used in the present studies, both NCAM and N-cadherin immunoreactivity in the IPL appeared diffusely distributed.
For both of these CAMS this is typical, as throughout the nervous system they are more widespread than Ll, and are thought to function in general cell-sorting and neurite growth-promoting roles rather than guidance (e.g., Grunwald et al., 1982; Hoffman et al., 1986; Matsunaga et al., 1988b; Rutishauser, 1988) . However, NCAM and N-cadherin have been shown to mediate neurite-neurite interactions (e.g., Drazba and Lemmon, 1990) , and even small changes in concentration of these CAMS can regulate whether and to what degree a neuron responds (Doherty et al., 1991 Growth qf rod photoreceptor cell neurites in vitro is regulated by NCAM, but not Ll or N-cadherin from PC-12 cells and some neurons through a pertussis toxinsensitive G protein and activation of Ca'+ channels (Doherty et al., 1991b Saffell et al., 1992) . Thus, rods may not respond to a particular substrate due, in part, to intercellular regulation through second messengers. The failure of P3 or P 10 rods to respond to L 1 and N-cadherin parallels the distribution of these two CAMS; Ll immunoreacRod photoreceptor cells are one of the last cell types to become tivity was seen within the plexiform layers, as in other species, postmitotic in the developing retina (Sidman, 196 1) . During rod and N-cadherin was abundant within both inner and outer pleximorphogenesis within the intact retina, the photopigment conform layers, Miiller glia, and outer limiting membrane. The taining apparatus of the cell, the outer segment, appears to diflocalization of N-cadherin in the rat retina using the fusion ferentiate first as thickened "growth-cone looking" protrusions protein antibody (Doherty et al., 199 la) is similar to the chick extending in the scleral direction. From the vitreal surface of (Matsunaga et al., 1988 ) except that we observed some staining the cell body, thin short neuritic fibers begin to project in a on Miiller glial cells. The prevalence of N-cadherin in the outer vitreal direction towards the outer plexiform layer (Olney, 1968;  limiting membrane, a zonula adherens junction rich contact site Morest, 1970; Hinds and Hinds, 1979) . In the present studies, (Sheffield and Fischman, 1970) between rods and between rods rod photoreceptor cells grew neurites only on NCAM substrates and Mtiller glial cells, would not be an appropriate site for this but not on Ll or N-cadherin. Without further study by either molecule to influence rod neurite growth; instead, this localizamorphological criteria (i.e., lamellar disk formation), or biotion is more important for keeping the normal histotypic morchemical analysis, we are unable to say if outer segments had phology of the photoreceptor cell layer intact, as suggested from formed in our cultures; however, on some of the dissociated previous antibody blocking studies (Matsunaga et al., 1988) . rods, there were conspicuous thickened protrusions immunoIn summary, formation of the complex wiring pattern in the reactive with peripherin, which is normally associated only with retina involving nonprojection neurons would in the most physthe outer segment (Connell and Molday, 1990 ) (data not shown).
iological situation depend on interactions with many different The response of rods on NCAM was developmentally reguclasses of molecules that can effect neurite growth. These molated, in that rods dissociated from PlO but not P3 retina grew lecular factors would include positive regulators of neurite growth neurites. This result appears to be a general trend for early such as membrane-bound cell adhesion molecules localized to postnatal rod photoreceptor cells in culture plated onto pure growth cones and the cellular surfaces that they contact (Dodd substrates; in earlier studies we found that various extracellular and Jessell, 1988; Bixby and Harris, 1991) . In addition, these matrix molecules, including laminin, also did not stimulate rod factors must also include inhibitory molecules since, for exneurite growth (Kljavin and Reh, 199 1) . However, cultured P3 ample, rod photoreceptor cells in culture grew neurites much rod photoreceptor cells are capable of extending neurites on longer than they normally would within the intact retina. AdMiiller glia, suggesting that their lack of growth seen again in ditionally, RGCs and amacrine cells grew neurites in response this study does not reflect a general inability of early postnatal to the same CAMS in culture, yet within the intact retina they rods to form processes in culture. The limited growth response project processes to different areas which suggests a differential from P3 rod photoreceptor cells on NCAM was somewhat surresponsiveness to these inhibitory cues. The growth cones of prising, in light of the fact that NCAM is present on most, if retinal local circuit neurons, like amacrine cells and rods, innot all cells within the retina, including the photoreceptor cell teract with several cellular substrates including neuroepithelial layer at the ages studied in the present work (Bartsch et al., progenitor cells, Miiller glial cells, and the dendrites and axons 1990; Fig. 9 in the present study).
from other developing neurons. Any combination of these cell Why did the majority of P3 rods fail to grow neurites on the surfaces could contain the molecules that regulate the growth NCAM substrates? The failure of a particular CAM to promote of their neurites. ln this report, we have made an initial attempt neurite growth could be the result of alternative splicing that to understand the mechanisms of formation of this complex generates forms of individual CAMS that differ in function (e.g., circuitry in the context of the cell adhesion molecules available Hemperley et al., 1986; Barthels et al., 1987; Santoni et al., to the retinal neurons; we suggest that the selective spatial and 1987; Small et al., 1987; Barton et al., 1988; temporal developmental regulation of different CAMS is likely 1992). For example, NCAM containing the product of a 30 base to be an important step in the establishment of these circuits. pair exon named VASE (Small et al., 1990) cannot stimulate neurite outgrowth (Doherty et al., 1992a-c; Liu et al., 1993) . Therefore, P3 rods may not be able to respond to NCAM sub
